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SI* (MODERN METRIC) CONVERSION FACTORS  
APPROXIMATE CONVERSIONS TO SI UNITS  

Symbol When You Know Multiply By  To Find Symbol 

LENGTH  
in. inches 25.4 millimeters  mm 

ft feet 0.305 meters  m 

yd yards  0.914 meters  m 
mi miles  1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 
yd2 square yard  0.836 square meters  m2 

ac acres  0.405 hectares  ha 
mi2 square miles  2.59 square kilometers  km2 

VOLUME  
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 
ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 

lb pounds 0.454 kilograms kg 

T short ton (2,000 lb) 0.907 megagrams (or ñmetric tonò) 
Mg (or 

"t")   

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION  
fc foot-candles  10.76 lux lx 
fl  foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 

lbf/in2 poundforce per square inch 6.89 kilopascals  kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS  
Symbol When You Know Multiply By  To Find Symbol 

LENGTH  
mm millimeters  0.039 inches in. 
m meters  3.28 feet ft 

m meters  1.09 yards  yd 

km kilometers 0.621 miles  mi 

AREA 
mm2 square millimeters 0.0016 square inches in2 

m2 square meters  10.764 square feet  ft2 

m2 square meters  1.195 square yard  yd2 
ha hectares  2.47 acres  ac 

km2 square kilometers  0.386 square miles  mi2 

VOLUME  
mL milliliter   0.034 fluid ounces fl oz 

L liters  0.264 gallons  gal 

m3 cubic meters 35.314 cubic feet ft3 
m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 
kg kilograms 2.202 pounds lb 

Mg (or "t")  megagrams (or ñmetric tonò) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION  
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl  

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 

kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 INTRODUCTION  

1.1 Background 

In recent years, the Hawaii Department of Transportation (HDOT) utilized bridge railings 

similar to the Hawaii Modified Natchez Trace Bridge Rail to safely redirect vehicles on bridges. 

However, the crashworthiness of this bridge rail had not been investigated under current impact 

safety standards of the American Association of State Highway and Transportation Officialsô 

(AASHTO) Manual for Assessing Safety Hardware (MASH) [1]. Therefore, HDOT desired to 

evaluate the Hawaii Modified Natchez Trace Bridge Rail via crash testing according to MASH 

Test Level 3 (TL-3).  

In 1992, the original Natchez Trace Parkway Bridge Rail [2] was evaluated to Performance 

Level 1 (PL-1) criteria according to the AASHTO Guide Specifications for Bridge Railings [3] at 

the Midwest Roadside Safety Facility (MwRSF). The Natchez Trace Bridge Rail was an open 

concrete bridge rail positioned atop a 10-in. tall curb, as shown in Figure 1. The railing 

incorporated a 13-in. tall by 12-in. wide concrete rail supported by 9-in. x 18-in. concrete posts 

spaced 7 ft ï 6¾ in. apart. The face of the curb extended approximately 4½ in. out from the face 

of the concrete railing.  

In test no. NTBR-1, a 1984 Chevrolet Custom Deluxe 20 pickup truck impacted the bridge 

rail at 45.2 mph and an angle of 22.4 degrees. Upon impact, the test vehicle was smoothly 

redirected. There was no intrusion or deformation of the occupant compartment, and the bridge 

rail received only superficial damage. In test no. NTBR-2, a 1984 Renault Encore small car 

impacted the bridge rail at 51.5 mph and an angle of 19.5 degrees. Similarly, the vehicle was 

smoothly redirected with minimal bridge rail damage. Thus, the Natchez Trace Bridge Rail 

successfully passed all requirements for AASHTO PL-1.  

In 2001, researchers at the Texas A&M Transportation Institute (TTI) conducted crash tests 

to evaluate the Natchez Trace Bridge Rail [4] in accordance with NCHRP Report 350 [5]. The test 

installation, shown in Figure 2, was identical to the system crash tested at MwRSF except for 

minor variations in reinforcement.  

In test no. 405181-11, a 1997 Geo Metro small car impacted the Natchez Trace Bridge Rail 

at 62.1 mph and an impact angle of 19.8 degrees. The bridge rail safely contained and redirected 

the passenger car, resulting in the test successfully passing NCHRP 350 test 3-10 safety 

requirements. In test no. 405181-12, a 1997 Chevrolet 2500 pickup truck impacted the Natchez 

Trace Bridge Rail at 61.1 mph and an impact angle of 26.1 degrees. The bridge rail safely contained 

and redirected the pickup truck, and the test successfully met NCHRP 350 test 3-11 evaluation 

criteria.  
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Figure 1. Natchez Trace Bridge Rail Design Details, Test No. NTBR-1 [2] 
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Figure 2. Natchez Trace Bridge Rail Design Details, Test Nos. 405181-11 and 405181-12 

(dimensions in mm) [4] 



September 25, 2025 

MwRSF Report No. TRP-03-478b-25-R1 

2 

Recently, HDOT desired to have its modified version of the Natchez Trace Bridge Rail 

evaluated according to MASH TL-3 criteria [1]. The Hawaii Modified Natchez Trace Bridge Rail 

had several differences compared to the original design previously crash tested at MwRSF [2] and 

TTI [4]. The height of the Hawaii modified design increased from 32½ in. to 36 in., and the width 

of the railing also increased significantly. The original Natchez Trace Bridge Rail had a top width 

of 10 in., a base width of 18 in., and a 4½-in offset between the bottom corner of the rail and the 

top corner of the curb. The Hawaii modified design had a top width of 18¼ in., a base width of 24 

in., and a 1½-in. offset between the bottom corner of the rail and the top corner of the curb. Note, 

this offset effectively gave the Hawaii-modified design a single slope profile when combining the 

rail and the curb. The Hawaii-modified design used smaller, 12-in. long by 12-in. wide posts to 

support the rail. Finally, the Hawaii design incorporated a steel tube, pedestrian handrail mounted 

to the back side of the concrete rail. Details for the Hawaii Modified Natchez Trace Bridge Railing 

are shown in Figure 3. 

 

Figure 3. Hawaii Modified Natchez Trace Bridge Rail Design Details 
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MASH evaluation of the Hawaii Modified Natchez Trace Bridge Rail began with a pickup 

truck impact in accordance with MASH test designation no. 3-11. In test no. HNTBR-1, a 5,032-

lb crew cab pickup truck impacted the Hawaii Modified Natchez Trace Bridge Rail, as shown in 

Figure 4, at a speed of 62.3 mph and an angle of 25.0 degrees. The vehicle was contained and 

redirected with minimal damage to the bridge railing. However, there was extensive damage to the 

vehicle, as shown in Figure 5. The vehicleôs wheel well and toe pan had intrusion deformations of 

12.7 in., which exceeded the MASH limit of 9 in. Therefore, test no. HNTBR-1 failed the safety 

criteria of MASH test designation no. 3-11. Test no. HNTBR-1 was previously documented in a 

separate test report [6].  

 

Figure 4. Hawaii Modified Natchez Trace Bridge Rail ï Test No. HNTBR-1 
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Figure 5. Vehicle Damage and Excessive Wheel and Toe Pan Intrusion ï Test No. HNTBR-1 
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1.2 Objective 

The objective of this project was to redesign the Hawaii Modified Natchez Trace Bridge 

Rail to pass the safety performance criteria of MASH TL-3. The bridge railing needed to be 

modified to mitigate occupant compartment deformations and to satisfy MASH TL-3 safety 

performance criteria.  

1.3 Scope 

The research objective was achieved through the completion of several tasks. First, an 

investigation was conducted into the potential causes of the excessive toe pan deformations that 

led to the failure of test no. HNTBR-1. Next, design modifications were recommended to improve 

the crashworthiness of the bridge rail, and a new railing configuration was selected. The revised 

bridge railing was subjected to two full -scale crash tests in accordance with MASH Tests 3-11 and 

3-10. The full-scale vehicle crash test results were analyzed, evaluated, and documented. 

Conclusions and recommendations were then made regarding the safety performance of the new 

Hawaii Concrete Post and Beam Bridge Rail.   
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2 DESIGN MODIFICATIONS  

Upon the failure of test no. HNTBR-1, an investigation into the potential causes of the 

excessive toe pan deformations was conducted. Vehicle deformations were caused by the impact-

side wheel snagging on the bridge railing and being shoved back toward the occupant compartment 

as the vehicle traveled downstream. Through a review and comparison of the previous crash tests 

on the original Natchez Trace Bridge Railing and the Hawaii Modified Natchez Trace Bridge Rail 

[2, 4, and 6], three factors were identified as contributors to the MASH test failure: (1) increased 

impact severity of the MASH test compared to the previous crash testing standards, (2) the limited 

curb-to-rail offset of the Hawaii Modified Natchez Trace Bridge Rail, and (3) the angled bottom 

edge of the upper railing.  

The mass of the MASH pickup truck is significantly greater than the mass of the pickup 

truck specified in NCHRP Report 350. Even though the speed and impact angle for the TL-3 

pickup tests were the same, the increased mass resulted in a 14 percent increase in targeted impact 

severity. This increase in impact severity likely contributed to increased loading during redirection 

and increased damage to the vehicle. Unfortunately, the MASH impact conditions were not 

something that could be changed, so the increased impact severity would have to be accounted for 

in the redesign process.  

The original Natchez Trace Bridge Rail had a 4.5 in. lateral offset between the top of the 

curb and the lower edge of the upper rail. This allowed the impacting wheel to traverse up and 

over the curb prior to impacting the upper rail. The Hawaii Modified Natchez Trace Bridge Rail 

reduced this lateral offset to only 1.5 in., which gave the railing more of a ñsingle slopeò front face, 

as shown previously in Figure 3. The limited offset resulted in the wheel impacting and being 

loaded against the upper rail while trying to traverse over the curb at the same time. The combined 

lateral loading and vertical motion of the wheel caused the rim to gouge into and snag on the lower 

edge of the railing. As the vehicle continued to move downstream and against the bridge rail, the 

wheel was pushed back toward the occupant compartment and deformed the vehicle toe pan. 

The shape of the upper rail also contributed to this snag. Most open concrete bridge rails 

have a rectangular shaped upper rail, whereas the Hawaii Modified Natchez Trace Bridge Rail had 

an angled lower edge that was more susceptible to gouging and snag, as highlighted in Figure 6. 

Thus, the severity of the rim snag described above was increased by the angled lower edge of the 

railing.  

Following the failure analysis of test no. HNTBR-1, the research team identified various 

options to alter the bridge railing to alleviate the rim gouging and snag issues.  These options are 

explored in the following sections.  
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Figure 6. Limited Curb-to-Railing Offset and Angled Lower Edge of Railing 

2.1 Curb-to-Rail Offset 

One suggested modification was to increase the curb-to-rail offset, as shown in Figure 7, 

by changing the top railôs slope face to either a vertical face (left) or a recessed sloped face (right). 

This adjustment provided the vehicleôs wheel with sufficient time to climb before contacting the 

rail, thus reducing the severity of the impact. The vertical loads into the bottom edge of the rail 

would be reduced, which would reduce wheel snag and the associated occupant compartment 

deformations. This design change would bring the new railing configuration closer to the original 

Natchez Trace Bridge Rail. 

 

Figure 7. Potential Modifications for Curb-Rail Offset Increase: Vertical Rail Face (left) and 

Recessed Sloped Rail Face (right) 
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2.2 Railing Face Geometry 

To reduce the risk of snagging on the bottom edge of the rail, researchers proposed 

changing the curbôs face from sloped to vertical, as shown in Figure 8. This alteration would 

minimize wheel climbing and vertical loading to the upper rail, thereby reducing wheel snag on 

the bottom edge of the rail. 

 

Figure 8. Potential Modification for Aligning Front Face of Rail and Curb 

Another explored design modification was to eliminate the angled bottom edge of the rail 

by either rounding or cutting back the bottom edge, as shown in Figure 9. Elimination of the sharp 

angled edge would reduce the severity of rim-rail snag and create a smoother vehicle redirection.  

 

Figure 9. Potential Modification for Elimination of Angled Bottom Rail Edge 
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The final proposed design modification was to reduce the opening height between the curb 

and the rail by either raising the curb height or lowering the bottom of the rail, as shown in Figure 

10. Reducing the opening and increasing the contact area on the face of the railing would likely 

reduce the severity of rim snag on the lower edge of the railing.  

 

 

Figure 10. Potential Modification for Reducing the Opening Height between Curb and Rail 
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2.3 Selected Design Modifications 

After discussions with HDOT, a vertical face for both the top rail and bottom curb was 

selected for the new bridge railing configuration. The vertical front face was aligned with the 

original top edge of the railing and the base width of the railing was reduced. Reinforcement in 

both the top rail and bottom curb was adjusted to accommodate the new cross section, as detailed 

in the following chapter, but the overall reinforcement configuration remained very similar to the 

previous Hawaii modified version of the bridge rail. The new bridge rail cross section is detailed 

in Figure 11. 

 

Figure 11. Selected Configuration for Hawaii Concrete Post and Beam Bridge Rail 
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3 DESIGN DETAILS  

The new Hawaii Concrete Post and Beam Bridge Rail was a 36-in. tall open concrete 

barrier with a pedestrian handrail mounted to the backside of the railing, as shown in Figures 12 

through 23. Photographs of the test installation are shown in Figures 24 and 25. The same test 

installation was used for both test nos. HNTBR-2 and HNTBR-3, only the impact location was 

changed.  

The Hawaii Concrete Post and Beam Bridge Rail featured a 16½-in. tall by 17-in. wide 

concrete rail supported by 12-in. x 12-in. x 9½-in. tall concrete posts spaced 90 in. apart. The post-

and-beam railing was mounted on top of a 10-in. tall by 17-in. wide concrete curb such that the 

face of the railing was flush with the face of the curb. The test installation had a length of 70 ft ï 

7 in. and was comprised of three 23.5-ft long rail segments with ½-in. expansion joins placed at 

the end of each rail segment.  

The rail, posts, and curb were reinforced with a combination of transverse and longitudinal 

rebar, as shown in Figure 20. The rail had nine longitudinal #6 bars and #4 hoop stirrups. 

Reinforcement in the posts consisted of four #7 vertical bars spaced equally along the traffic face 

of each post with four #4 vertical bars spaced along the non-traffic side. All vertical bars in the 

posts were enclosed by five #4 stirrups that were spaced at 2¾ in. Reinforcement of the curb 

consisted of three longitudinal #5 bars and U-shaped #5 transverse bars, as shown in Figure 18. 

The U-shaped transverse reinforcing bars were epoxied into the concrete tarmac to a depth of 6 in. 

using Hilti HIT RE-500 epoxy. All of the rebar was epoxy coated.  

The pedestrian handrail, which was mounted to a height of 44½ in. above the tarmac, 

consisted of an HSS3x3x¼ steel tube supported by HSS2½x2½x¼ posts spaced at 60 in. on-center. 

The tube posts were welded to 8-in. x 5-in. x ¾-in. thick steel base plates. Each welded handrail 

assembly was 23.5-ft long, matching the length of the concrete barrier segments. HSS2x2x¼  

splice tubes were welded to one side of each handrail segment and extended into the adjacent 

handrail tube. The handrail was mounted to the backside of the concrete railing using four ȩ-in. 

diameter threaded rods, which were epoxied into the railing to a depth of 6 in. 

The concrete mix for the railing, posts, and curb required a minimum compressive strength 

of 4,000 psi. In the week prior to conducting the crash tests, the actual strengths of the concrete 

curb and railing were measured to be 4,340 psi and 3,970 psi, respectively. All reinforcing steel 

were ASTM A615 Grade 60 rebar. The HSS tubes and the baseplate comprising the pedestrian 

handrail were ASTM A500 Grade B and ASTM A36 steel, respectively. Material specifications, 

mill certifications, and certificates of conformity for the system materials are shown in Appendix 

B. 
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Figure 12. Test Installation Layout, Test No. HNTBR-2  
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Figure 13. Test Installation Layout, Test No. HNTBR-3 
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Figure 14. Bridge Rail Layout, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 15. Handrail Detail, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 16. Handrail Detail, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 17. Handrail Assembly Components, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 18. Rails Rebar Detail, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 19. Post-Rail Rebar Arrangement, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 20. Post-Rail Rebar Arrangement, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 21. Rebar Details, Test Nos. HNTBR-2 and HNTBR-3 



 

 

2
2 

S
e
p

te
m

b
e
r 2

5, 2
0

2
5 

M
w

R
S

F
 R

e
p
o

rt N
o
. TR

P
-0

3-4
7
8
b-2

5-R
1 

 

Figure 22. Pipe Details, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 23. Bill of Materials, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 24. Test Installation Photographs, Test Nos. HNTBR-2 and HNTBR-3 
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Figure 25. Test Installation Photographs, Handrail Assembly, Test Nos. HNTBR-2 and HNTBR-3 
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4 TEST REQUIREMENTS AND EVALUATION CRITERIA  

4.1 Test Requirements 

Longitudinal barriers, such as concrete bridge rails, must satisfy impact safety standards to 

be declared eligible for federal reimbursement by the Federal Highway Administration (FHWA) 

for use on the National Highway System. For new hardware, these safety standards consist of the 

guidelines and procedures published in MASH 2016. According to TL-3 of MASH, longitudinal 

barrier systems must be subjected to two full -scale vehicle crash tests, as summarized in Table 1. 

Two crash tests were conducted under test designation nos. 3-10 and 3-11 and are reported herein.  

Table 1. MASH TL-3 Crash Test Conditions for Longitudinal Barriers 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight 

lb 

Impact Conditions 
Evaluation 

Criteria 1 
Speed 

mph 

Angle 

deg. 

Longitudinal 

Barrier 

3-10 1100C 2,420 62 25 A,D,F,H,I 

3-11 2270P 5,000 62 25 A,D,F,H,I 
1 Evaluation criteria explained in Table 2. 

Note that the test matrix used to evaluate the Hawaii Concrete Post and Beam Bridge 

Railing and detailed herein represents the researchersô best engineering judgement of which tests 

are necessary to assess system crashworthiness according to the MASH safety requirements. 

However, any tests deemed non-critical in this research effort might require future evaluation due 

to revisions to the MASH criteria or additional knowledge gained over time. 

4.2 Evaluation Criteria  

Evaluation criteria for full-scale vehicle crash testing are based on three factors: (1) 

structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. Criteria for 

structural adequacy are intended to evaluate the ability of the bridge railing to contain and redirect 

impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable. 

Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle. Post-impact 

vehicle trajectory is a measure of the potential of the vehicle to result in a secondary collision with 

other vehicles and/or fixed objects, thereby increasing the risk of injury to the occupants of the 

impacting vehicle and/or other vehicles. These evaluation criteria are summarized in Table 2 and 

defined in greater detail in MASH. The full-scale vehicle crash test was conducted and reported in 

accordance with the procedures provided in MASH. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI) 

were determined and reported. Additional discussion on these values is provided in MASH. 
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Table 2. MASH Evaluation Criteria for Longitudinal Barrier 

Structural 

Adequacy 

A. Test article should contain and redirect the vehicle or bring the 

vehicle to a controlled stop; the vehicle should not penetrate, 

underride, or override the installation although controlled lateral 

deflection of the test article is acceptable. 

Occupant  

Risk 

D. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the occupant 

compartment, or present an undue hazard to other traffic, 

pedestrians, or personnel in a work zone. Deformations of, or 

intrusions into, the occupant compartment should not exceed limits 

set forth in Section 5.2.2 and Appendix E of MASH. 

F. The vehicle should remain upright during and after collision. The 

maximum roll and pitch angles are not to exceed 75 degrees. 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 

of MASH for calculation procedure) should satisfy the following 

limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 30 ft/s 40 ft/s 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, 

Section A5.2.2 of MASH for calculation procedure) should satisfy 

the following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 gôs 20.49 gôs 
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5 TEST CONDITIONS  

5.1 Test Facility 

The Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the 

Lincoln Municipal Airport and is approximately 5 miles northwest of the University of Nebraska-

Lincoln. 

5.2 Vehicle Tow and Guidance System 

A reverse-cable tow system with a 1:2 mechanical advantage was used to propel the test 

vehicle. The distance traveled and the speed of the tow vehicle was one-half that of the test vehicle. 

The test vehicle was released from the tow cable before impact with the barrier system. A digital 

speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed. 

A vehicle guidance system developed by Hinch [7] was used to steer the test vehicle. A 

guide flag, attached to the left-front wheel and the guide cable, was sheared off before impact with 

the barrier system. The Ȩ-in. diameter guide cable was tensioned to approximately 3,500 lb and 

supported both laterally and vertically every 100 ft by hinged stanchions. The hinged stanchions 

stood upright while holding up the guide cable, but as the vehicle was towed down the line, the 

guide flag struck and knocked each stanchion to the ground. 

5.3 Test Vehicle 

In test no. HNTBR-2, a 2018 Dodge Ram 1500 crew cab pickup truck was used as the test 

vehicle. The curb, test inertial, and gross static vehicle weights were 5,216 lb, 4,995 lb, and 5,159 

lb, respectively. The test vehicle is shown in Figures 26 and 27, and vehicle dimensions are shown 

in Figure 28. Note, the impact side of the vehicle, or the passengerôs side, is referred to as the 

vehicleôs right side throughout this report. The non-impact side, or driverôs side, is referred to as 

the vehicleôs left side. 

In test no. HNTBR-3, a 2019 Kia Rio was used as the test vehicle. The curb, test inertial, 

and gross static vehicle weights were 2,483 lb, 2,400 lb, and 2,563 lb, respectively. The test vehicle 

is shown in Figures 29 and 30, and vehicle dimensions are shown in Figure 31. 

The longitudinal component of the center of gravity (c.g.) was determined using the 

measured axle weights. The Suspension Method [8] was used to determine the vertical component 

of the c.g. for the 2270P vehicle. This method is based on the principle that the c.g. of any freely 

suspended body is in the vertical plane through the point of suspension. The vehicle was suspended 

successively in three positions, and the respective planes containing the c.g. were established. The 

intersection of these planes pinpointed the final c.g. location for the test inertial condition. The 

vertical component of the c.g. for the 1100C vehicle was determined utilizing a procedure 

published by the Society of Automotive Engineer (SAE) [9]. The final c.g. locations are shown in 

Figures 28 and 31. Ballast information and data used to calculate the location of the c.g. are shown 

in Appendix C. 

Square, black-and-white checkered targets were placed on the vehicles for reference, as 

shown in Figures 32 and 33, to serve as a reference in the high-speed digital video and aid in the 
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video analysis. Round, checkered targets were placed at the c.g. on the left-side door, the right-

side door, and the roof of the vehicles. 

The front wheels of the test vehicles were aligned to vehicle standards except the toe-in 

value were adjusted to zero such that the vehicles would track properly along the guide cable. A 

5B flash bulb was mounted under each vehicleôs right-side windshield wiper and was fired by a 

pressure tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon 

initial impact with the test article to create a visual indicator of the precise time of impact on the 

high-speed digital videos. A radio-controlled brake system was installed in the test vehicles so the 

vehicles could be brought safely to a stop after the test. 
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Figure 26. Test Vehicle, Test No. HNTBR-2 
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Figure 27. Vehicleôs Interior Floorboards and Undercarriage, Test No. HNTBR-2 














































































































































































































































